Granulosa cells in the chicken follicle exhibit different phenotypes according to their location relative to the germinal disc (GD). Granulosa cells proximal to the GD (referred to as proximal granulosa cells) are more proliferative, whereas granulosa cells distal to the GD (referred to as distal granulosa cells) are more differentiated. We have shown that epidermal growth factor (EGF) derived from the GD stimulated proliferation of granulosa cells proximal to the GD, whereas extraovarian LH promoted differentiation. We tested the hypothesis that phenotypic differences of granulosa cells are the result of differential responsiveness of granulosa cells to EGF and LH. We found that both granulosa and theca layers of chicken preovulatory follicles expressed mRNA for EGF receptor (EGFr) by polymerase chain reaction (PCR) analysis. However, only the granulosa layer showed differential expression of EGFr and LH receptor (LHr) mRNA. Competitive reverse transcription-PCR revealed that proximal granulosa cells expressed more EGFr mRNA but less LHr mRNA than distal granulosa cells. In addition, proximal granulosa cells proliferated more in response to EGF than their distal counterparts. We further demonstrated that EGF decreased LHr mRNA expression by granulosa cells in a dose-dependent manner, whereas EGF and LH had no effect on EGFr mRNA expression except at one dose of LH (15 ng/ml) that stimulated EGFr mRNA expression. Our findings suggest that EGF derived from the GD influences the phenotypes of granulosa cells. Granulosa cells proximal to the GD exhibit a proliferative phenotype possibly because they are exposed to and are more responsive to GD-derived EGF. Furthermore, GD-derived EGF decreases LHr mRNA expression by proximal granulosa cells and therefore results in less differentiated granulosa cell phenotype. In contrast, granulosa cells distal to the GD are not under the influence of EGF and exhibit a more differentiated phenotype.
INTRODUCTION
Heterogeneous populations of granulosa cells are present in ovaries of mammalian and avian species. In the mature mammalian follicle, two distinct populations of granulosa 1 Supported by National Science Foundation (NSF IBN-92-07535 and IBN-96-30957). This work was presented at the 32nd annual meeting for the Society for the Study of Reproduction at Pullman, Washington, abstract #1. cells are present according to their location relative to the oocyte. Cumulus granulosa cells encircle the oocyte, whereas mural granulosa cells are associated with the follicular wall. These two populations of granulosa cells exhibit distinguishing characteristics as the follicle matures. Cumulus granulosa cells retain their ability to proliferate, whereas the mural granulosa cells cease proliferating as ovulation approaches [1] . The cumulus granulosa cells have fewer LH receptors (LHrs) [2, 3] and produce a lower amount of progesterone in response to LH than mural granulosa cells [4] . The oocyte is apparently responsible for these cellular differences between cumulus and mural granulosa cells. For example, removal of the oocyte from the oocyte-cumulus complex resulted in a decrease in tritiated thymidine incorporation by cumulus cells compared to the intact oocytecumulus complex [5] . In addition, oocytes suppressed the expression of LHr mRNA in granulosa cells [6] .
The granulosa layer of the avian follicle also shows signs of heterogeneity. Unlike the mammalian follicle that contains multiple layers of granulosa cells, the avian follicle has a single layer of granulosa cells enclosing the oocyte. The avian oocyte, which can reach the size of 40 mm in diameter before ovulation, consists of a large amount of yolk and a structure called the germinal disc. The germinal disc is a white plaque about 3-4 mm in diameter on the surface of the oocyte. The germinal disc contains the nucleus and 99% of organelles of the oocyte even though it occupies less than 1% of oocyte volume. Structurally and therefore functionally, the germinal disc resembles the mammalian oocyte. The germinal disc is tightly associated with its overlying granulosa cells and forms a structure called the germinal disc region (GDR). An electron microscopic study revealed that granulosa cells in the GDR have a greater number of mitotic figures than granulosa cells distal to the germinal disc [7] . Granulosa cells in the GDR are irregularly arranged and have various widths of intercellular spaces [7] . Later studies demonstrated that granulosa cells in the GDR are not only more proliferative [8] [9] [10] but also less active steroidogenically than granulosa cells distal to the GDR. Granulosa cells in the GDR produce less progesterone in response to LH compared to their distal counterparts [8, 10] .
The ability of GDR-conditioned medium to stimulate 3 H-thymidine incorporation and decrease progesterone production by granulosa cells indicates that the germinal disc produces paracrine factors that contribute to the phenotypic heterogeneity of granulosa cells. Sensitivity to heat and proteinase treatments suggested that these factors in the GDRconditioned medium are peptides or proteins [11] . Immunocytochemical analysis showed that epidermal growth factor (EGF) is present in the germinal disc, and EGF can mimic the effect of GDR-conditioned medium to stimulate proliferation of and to decrease progesterone production by granulosa cells [12] . Furthermore, pretreatment of the GDR-conditioned medium with anti-EGF antibody abolished the ability of the conditioned medium to stimulate proliferation of granulosa cells indicating that EGF is a proliferation-promoting factor derived from the germinal disc [13] . To understand the mechanism through which granulosa cells proximal to and distal to the germinal disc exhibit different phenotypes, we investigated: 1) What cell types in the chicken preovulatory follicles express EGF receptor (EGFr) mRNA? 2) Is there a difference in mRNA expression of EGFr and LHr between granulosa cells proximal to and distal to the germinal disc? 3) Is there a difference in proliferation between granulosa cells proximal and distal to the germinal disc in response to EGF? and 4) Do EGF and LH regulate EGFr and LHr mRNA expression in granulosa cells?
MATERIALS AND METHODS

Animals
Single comb White Leghorn hens in their first year of reproductive age and with laying clutches of at least five eggs were used in all the studies described. Birds were maintained individually and provided with feed and water ad libitum. The lighting schedule was 17L:7D, with lightson at 0400 h and lights-off at 2100 h. The times of oviposition were monitored daily at 1-h intervals between 0700 h and 1200 h and once at 1700 h for late oviposition.
Tissue Collection
Hens were killed by cervical dislocation 1-2 h after oviposition. Preovulatory follicles (F1-3) were removed and put in ice-cold PBS immediately. Granulosa and theca layers were separated as previously described [14] .
Primer Generation
Chicken-specific EGFr and LHr primer sets were designed according to the cDNA sequence from GenBank and published data [15, 16] , respectively. For EGFr, the sense primer (5Ј-GAC GCA CAC CAT GGG TGT AC-3Ј) and the antisense primer (5Ј-CGC GAT TAT GCT CCA CGT AG-3Ј) generated a 251-base pair (bp) cDNA fragment correspondent to chicken EGFr nucleotides (282-532 bp). For LHr, the sense primer (5Ј-ATG AAA TGA CCG GCT TTG AC-3Ј) and the antisense primer (5Ј-GCA AAG GAG AGG TTG CAC AT-3Ј) generated a 241-bp cDNA fragment correspondent to chicken LHr nucleotides (1109-1349 bp). The W.M. Keck Center for Functional and Comparative Genomics at the University of Illinois at Urbana-Champaign synthesized the primer sets.
Reverse Transcriptase-Polymerase Chain Reaction
Total RNA was isolated from ovarian tissues using TRIzol Reagent (Life Technologies, Gaithersburg, MD). We used RETROscript First-Strand Synthesis Kit (Ambion Inc., Austin, TX) to generate single-stranded cDNA from isolated total RNA. The polymerase chain reaction (PCR) was performed using reagents from TaqBead Hot Start Polymerase (Promega, Madison, WI) in a 500-l thin-walled PCR tube. Reverse transcriptase (RT) reaction product (2 l), 5 l of 10ϫ magnesium-free reaction buffer, 3 l of MgCl 2 (25 mM), 8 l dNTP mix (200 uM each dNTP), 0.5 l sense, and 0.5 l antisense primers (1 M each) were combined and brought to a volume of 50 l with nucleasefree water. TaqBead Hot Start Polymerase was added and the reaction was covered with 40 l of mineral oil. The amplification of RT product followed the general PCR protocol using an RTC-100TM thermocycler (MJ Research Inc., Watertown, MA). The reaction was first heated up to 94ЊC for 4 min and then subjected to 29 cycles of preset program (94ЊC for 2 min, 55ЊC for 1.5 min, and 72ЊC for 1.5 min). The reaction was then extended for 5 min at 72ЊC and paused at 4ЊC. Ten microliters of PCR product was routinely run on a 1.5% agarose gel with ethidium bromide at 100 V for 1 h for size analysis.
Competitive Polymerase Chain Reaction
Competitive (c)PCR for EGFr, LHr, and internal control cyclophilin (referred to as target cDNAs) was performed as previously described [17] . In brief, a synthetic DNA standard that shares the same primer sets as the target cDNA was added to each PCR reaction along with sample cDNA. The synthetic DNA standard was a piece of v-erbB DNA generated from two successive PCR reactions (PCR MIM-IC Construction Kit; Clontech, Palo Alto, CA). To determine the relative changes in target cDNA expression among samples, eight 10-fold dilutions of the DNA standard were made: 10, 1, 10 Ϫ1 , 10
Ϫ2
, 10 Ϫ3 , 10 Ϫ4 , 10
Ϫ5
, and 10 Ϫ6 amol/l and PCR was performed. The density of the PCR product after gel electrophoresis was analyzed densitometrically with Collage Image Analysis Software (Fotodyne, Inc., Hartland, WI). The concentration of DNA standard that yielded a band of density similar to that of the target cDNA in the sample was further diluted twofold to yield concentrations of 6.250, 3.125, and 1.625 ϫ 10 Ϫ3 amol/l. These three dilutions of DNA standard were used to determine relative changes in target cDNA among samples from granulosa cells proximal to and granulosa distal to the germinal disc. A logarithmic expression of ratios of standard and target cDNA was plotted against the log of standard cDNA concentration to deduce the relative mRNA abundance in samples. The relative abundance of EGFr and LHr mRNA was normalized with the relative abundance of the internal control, cyclophilin.
Granulosa Cell Culture
Proximal or distal granulosa cells from F3, F2, or F1 follicles were dispersed and cultured as previously described [13] . Proper volume of Dulbecco minimal essential medium was added to cells to obtain 4 ϫ 10 6 cells/ml per well. Cells were cultured with different amounts (0, 5, 10, 20, 50, and 125 ng/ml) of mouse EGF (Sigma, St. Louis, MO) or ovine LH (0, 5, 15, 50, 150, 450 ng/ml, NIDDKoLH-26) at 39ЊC for 24 h in a humidified 5% CO 2 :95% air incubator. At the end of the culture, cells were either directly lysed with TRIzol for total RNA isolation or CellTiter 96 Aqueous One Solution for cell number measurement.
Measurement of Cell Proliferation
CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega, Madison, WI) was used to determine viable cell number. At the end of the culture, 100 l of One Solution Reagent were added to each well followed by 1 h incubation. Then 100 l of medium were removed from each well and absorbency read at 490 nM. The One Solution Reagent contains MTS tetrazolium that is bioreduced by cells into a colored formazen product soluble in culture medium. Absorbency is directly proportional to the number of cells.
Statistics
ANOVA was used to compare the differences among treatments. All experiments were repeated at least five times (n ϭ 5 birds). Differences were considered significant when P Ͻ 0.05.
RESULTS
What Cell Types in the Chicken Preovulatory Follicles Express EGFr mRNA?
To identify cell types expressing EGFr mRNA, we first used RT-PCR to examine the presence of EGFr mRNA in granulosa and theca layers of the three largest preovulatory follicles (F3, F2, and F1). A chicken-specific EGFr primer set amplified an expected 251-bp cDNA product from granulosa and theca layers (Fig. 1 , only granulosa and theca layers of F1 follicle were shown as a representation). No product was detected when the cDNA sample was replaced with water. The 251-bp cDNA product was sequenced and compared to chicken EGFr sequence from GenBank and published data [14] . The sequence of the 251-bp product was identical to the sequence of published chicken EGFr.
Is There a Difference in mRNA Expression of EGFr and LHr Between Granulosa Cells Proximal to and Distal to the Germinal Disc?
We used RT-cPCR to examine if there is a difference in expression of EGFr and LHr mRNA in granulosa and theca cells proximal to the germinal disc (referred to as proximal granulosa and theca cells) and in granulosa and theca cells distal to the germinal disc (referred to as distal granulosa and theca cells). The ratio of EGFr mRNA abundance in proximal granulosa cells to that in distal granulosa cells is illustrated in Figure 2 . Proximal granulosa cells of F3, F2, and F1 follicles expressed about 20% more EGFr mRNA than did distal granulosa cells (n ϭ 5, P Ͻ 0.05). There was no difference in EGFr mRNA abundance among follicles. Proximal and distal granulosa cells of F3 and F2 follicles had similar mRNA abundances of LHr, whereas proximal granulosa cells of F1 follicles had about 20% less LHr mRNA than their distal counterparts (Fig. 3 , n ϭ 5, P Ͻ 0.05). There was no statistical difference in the mRNA abundance of EGFr and LHr between proximal and distal theca cells of preovulatory follicles (data not shown).
Is There a Difference in Proliferation Between Granulosa Cells Proximal to and Distal to the Germinal Disc in Response to EGF?
The effect of EGF on proliferation of granulosa cells was examined to determine if proximal and distal granulosa cells respond to EGF differently relative to the abundance of EGFr in each tissue. To determine if EGF increases proliferation of granulosa cells, proximal granulosa cells or distal granulosa cells from F3, F2, and F1 follicles were pooled, dispersed, and separated into three groups. Cell number in the first group was determined immediately (Fig.  4, 0 h ). The other two groups were cultured for 30 h either with or without human EGF (100 ng/ml) according to our previous study [12] . In the absence of EGF, proximal granulosa cells proliferated (n ϭ 5, P Ͻ 0.01), whereas cell number of distal granulosa cells remained the same as at the beginning of culture (Fig. 4, 30 h without hEGF) . In the presence of EGF, cell number of proximal granulosa increased significantly compared to cell number at 0 h and 30 h without EGF (n ϭ 5, P Ͻ 0.01), whereas the cell number of distal granulosa cells remained the same as at the beginning of culture. Proximal granulosa cells spread out in culture with or without EGF (Fig. 5A) ; however, distal granulosa cells remained dispersed even though they had aggregated and attached to the culture plate (Fig. 5B) .
Does EGF Regulate EGFr and LHr mRNA Expression in Granulosa Cells?
To understand how the mRNA expression of EGFr and LHr in granulosa cells is regulated, dispersed granulosa cells from pooled F1 and F2 follicles were cultured with increasing amounts of EGF. Amounts of EGFr and LHr mRNA were measured by RT-cPCR. Abundance of EGFr mRNa was not influenced by increasing doses of EGF (Fig.  6A) . In contrast, EGF decreased abundance of LHr mRNa in a dose-dependent manner (Fig. 6B) .
Does LH Regulate EGFr mRNA Expression in Granulosa Cells?
Increasing amounts of ovine LH had no effect on expression of EGFr mRNA by pooled F1 and F2 granulosa cells except at the dose of 15 ng/ml (Fig. 7) .
DISCUSSION
The major findings of this research are 1) both granulosa and theca layers of chicken preovulatory follicles expressed EGFr mRNA; 2) only granulosa layers but not theca layers exhibited differential expression of EGFr and LHr mRNA with proximal granulosa cells expressing a higher amount of EGFr mRNA but a lower amount of LHr mRNA than distal granulosa cells; 3) EGF stimulated proliferation of proximal granulosa cells, whereas EGF had no effect on proliferation of distal granulosa cells; 4) EGF decreased expression of LHr mRNA in granulosa cells in a dose-dependent manner; and 5) EGF and LH did not influence FIG. 7 . PCR analysis of effects of ovine LH on EGFr mRNA production in granulosa cells pooled from F1 and F2 follicles. Densitometric quantification of abundance of EGFr mRNA was normalized with the abundance of cyclophilin mRNA. Asterisk indicates significant difference (P Ͻ 0.05, n ϭ 5 birds).
expression of EGFr mRNA in granulosa cells except that 15 ng/ml of LH stimulated EGFr mRNA expression.
Presence of EGFr in granulosa and theca layers of chicken preovulatory follicles is consistent with previous immunocytochemical observation [18] . Expression of EGFr mRNA and protein in granulosa and theca layers of the chicken follicle is very similar to other species such as the human [19] , pig [20] , cat [21] , and rat [22] . However, our findings are the first to show that there is a differential expression of EGFr mRNA in granulosa cells. Granulosa cells proximal to the germinal disc expressed a greater abundance of EGFr mRNA than granulosa cells distal to the germinal disc. Interestingly, this differential expression of EGFr mRNA in granulosa cells is coincident with the differential responsiveness of granulosa cells to EGF. Epidermal growth factor was only able to stimulate proliferation of proximal granulosa cells, whereas EGF had no effect on distal granulosa cells. We have previously demonstrated that the germinal disc produces EGF to stimulate granulosa proliferation [13] . Collectively, these observations provide an explanation of why granulosa cells proximal to the germinal disc express a proliferative rather than a differentiated phenotype. Granulosa cells proximal to the germinal disc are proliferative and less differentiated because they are exposed to EGF derived from the germinal disc and they are more responsive to EGF due to a higher expression of EGFr mRNA. In rodents, the state of differentiation of granulosa cells in vitro was also inversely correlated with EGFr number [23] .
Differentiation of granulosa cells in the chicken is characterized by their ability to produce progesterone in response to LH. It was previously shown that basal and LHstimulated progesterone production by proximal granulosa cells is lower than that produced by distal granulosa cells [10] . Results of our study suggest that a lower expression of LHr mRNA in proximal granulosa cells may be the reason for the lower progesterone production in response to LH. Lower expression of LHr mRNA in proximal granulosa cells appears to result from the inhibitory effect of EGF derived from the germinal disc because EGF decreased expression of LHr mRNA in granulosa cells. This inhibitory effect of EGF on LHr mRNA expression by granulosa cells was also found in the rat [24] . In addition to decreasing LHr mRNA expression in granulosa cells, EGF in other species decreased LH-stimulated cAMP accumulation [25, 26] , inhibited expression of steroidogenic acute regulatory protein (StAR) [27] , and reduced the expression of P450 cholesterol side chain cleavage enzyme [28, 29] . The germinal disc produces EGF that stimulates proliferation of granulosa cells proximal to it. At the same time, EGF derived from the germinal disc hinders the differentiation of proximal granulosa cells by decreasing their ability to produce progesterone in response to LH. In contrast, granulosa cells distal to the germinal disc escape from the inhibitory effect of germinal disc-derived EGF and therefore exhibit a differentiated phenotype.
Although results of our study indicate a mechanism through which EGF causes the differential expression of LHr mRNA in granulosa cells, the cause for the differential expression of EGFr mRNA in granulosa cells is still unknown. Ovine LH had no effect on EGFr mRNA expression with the exception that 15 ng/ml of LH stimulated EGFr mRNA expression in granulosa cells from F1 and F2 follicles. It is difficult to speculate what happens in vivo because the intraovarian concentration of LH is impossible to estimate. Furthermore, the differential expression of LHr mRNA in granulosa cells makes it more complicated to predict how granulosa cells will react in response to LH. Higher expression of EGFr mRNA in proximal granulosa cells may be due to an optimal combination of LH in the follicle and LHr mRNA expression in proximal granulosa cells. Expression of EGFr mRNA in granulosa cells was not affected by its own ligand. However, FSH maintained and increased EGFr mRNA expression in granulosa cells from less mature preovulatory follicles (unpublished data). These results are consistent with findings in mammals that showed that FSH increases EGFr mRNA and protein, whereas LH had none or only a slight effect on EGFr mRNA and protein expression [30] [31] [32] .
Unlike the differential expression of EGFr mRNA between proximal and distal granulosa cells of the three most mature preovulatory follicles (F3, F2, and F1), differential expression of LHr mRNA was only found between proximal and distal granulosa cells of the most mature preovulatory follicle (F1). However, differential responsiveness to LH was detected in F1 and F3 granulosa layers [10] . Proximal granulosa cells from F1 and F3 follicles produced less progesterone in response to LH than their distal counterparts. We speculate that differential expression of LHr mRNA may not be the sole contributor to the differential responsiveness to LH in a less mature follicle like the F3. The proliferation index of granulosa cells of the F3 is much higher, whereas LH-stimulated cAMP production is lower than that in a more mature follicle such as the F1 [9, 33] . The signal transduction pathway induced by LH may not be developed fully in proliferative granulosa cells of the less mature follicle and therefore results in a lower progesterone production in response to LH.
Although there is no differential expression of EGFr mRNA in the theca layer, presence of EGFr mRNA in the theca layer indicates a possible paracrine and autocrine regulation of theca functions by granulosa and theca cells, respectively. Granulosa cells are the source of EGF in the chicken follicle. Furthermore, theca interna produced transforming growth factor-␣ that binds to the same receptor as EGF [12, 18] . Studies on porcine follicles indicated that EGF potentiated the stimulatory effect of platelet-derived growth factor on proliferation of theca cells [34] . These FIG. 8 . Hypothetical model depicting the germinal disc of the chicken oocyte as a source of EGF that acts as a paracrine factor to regulate the phenotypes of granulosa cells. The germinal disc of the chicken oocyte produces EGF to stimulate proliferation of granulosa cells proximal to it. EGF derived from the germinal disc further inhibits differentiation of proximal granulosa cells by decreasing LHr mRNA expression that results in lower progesterone production in response to LH. Amount of progesterone produced is positively correlated with level of granulosa cell differentiation. In contrast, granulosa cells distal to the germinal disc escape from the inhibitory effect of the germinal disc-derived EGF and therefore exhibit a differentiated phenotype.
findings together suggest that granulosa and theca layers communicate with each other through EGF and TGF-␣.
In conclusion, the functional homology of granulosa cells between avian and mammalian species highlights the important role of the oocyte in the process of follicular development. Our findings provide a model (Fig. 8 ) of how the chicken oocyte influences phenotypes of granulosa cells. The germinal disc of the chicken oocyte produces EGF to stimulate proliferation of granulosa cells proximal to the germinal disc. EGF derived from the germinal disc further inhibits differentiation of proximal granulosa cells by decreasing LHr mRNA expression that results in a lower progesterone production in response to LH. In contrast, granulosa cells distal to the germinal disc escape from the effect of germinal disc-derived EGF and therefore exhibit a differentiated phenotype. Establishment of different populations of granulosa cells is essential because it provides not only a proliferating granulosa population for the growth of the follicle but also a differentiated granulosa population for the production of steroids and proteins that serve as feedback messages to the pituitary and hypothalamus. A better knowledge of the cross talk between the oocyte and its surrounding cells should provide more insights to decipher the mystery of follicular development and atresia.
